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The initial conditions (physical and chemical state) of a geothermal
I
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I
reservoir and its fluids are important information needed in geothermal
reservoir engineering for determining the future productivity of the
reservoir. An optimization scheme was employed to minimize the least
squares function and determine the optimum initial conditions. Using
the mass, energy, and volumetric balance equations, the initial param-
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eters were obtained by matching the production data plot of average res-
ervoir pressure versus cumulative mass produced for a compressed liquid,
saturated liqUid-steam, and superheated steam reservoir. Once a good
curve match was attair.ed, the performance projection of the geothermal
reservoir was made at different production rates. A successful curve
match was found to be highly dependent on the constraints chosen in the
optimization scheme. Mass influx, as well as porosity also proved to
be an influencing factor in the determination of the initial conditions.
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I. INTRODUCTION
It is becoming quite evident that the United States' stocks of
primary energy resources, oil and gas, are diminishing. By the turn of
the century these natural resources may be completely depleted. The oil
crisis a few years ago was evidence of the United States' dependency
on foreign resour~es. It is therefore very important that the United
States become as self-sufficient as possible in energy matters.
Research has already been directed to evaluate solar, wind, and
ocean thermal differential as potential energy sources. Nuclear and
geothermal plants are presently in operation. Of all energy sources
currently available, geothermal energy requires the least capital cost
per kilowatt [1].
One of the primary uses of the geothermal resources is for the gen-
eration of electricity, although only 1% of the total available energy
can be converted to electrical energy from a hot-water reservoir using
the present proven technology, while the equivalent figure for a vapor-
dominated reservoir is 2-5% [2]. The other uses of geothermal heat have
been for the heating and air-conditioning of buildings, the heating of
hot-houses and soil for agricultural purposes, recreational activities,
and product processing. Geothermal energy also has potential use in
refrigeration and freeze drying. Some geothermal fluids contain poten-
tially valuable chemical by-products such as potassium, lithium, calcium,
and other metals.
In the United States, only one geothermal reservoir plant has been
in operation at Geysers, California, since 1960. There has been a
proprietary.
well testing methods, data, and methods of analysis as
2
Congress adopted the Geothermal Steam Act in December of 1970,
existence of high downhole temperatures.
3. Geothermal reservoir engineering is complicated by the
1. The exploitation of geothermal energy is just beginning.
There was a lapse of about one century in petroleum
among practitioners in the field. Literature in this
field is relatively sparse because the industry treats
reservoir engineering.
2. There has been minimal interchange of ideas and methods
A question arises as to why there have been few advancements in
The United Nations has played an important role in unifying geo-
The reasons are [1]:
geothermal plant in operation since the early 1900's at Lardarello,
geothermal reservoir engineering.
Italy.
thermal technology. This was demonstrated in May of 1975 when represen-
tatives from fifty-nine nations attended a ten-day conference on geo-
thermal resources. Six other distinct groups have contributed to the
States Geological Survey, New Zealand government, Stanford University,
and University of Hawaii.
search and Development Administration, Bureau of Reclamation, United
resource as a national goal. With the new increased interest in geo-
further development of geothermal reservoir engineering: Energy Re-
which established the development of the United States' geothermal
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3Robert L. Whiting and Henry J. Ramey Jr. [4] developed a mathema-
The objective of this study is to develop a mathematical model to
thermal energy, emphasis has been placed on the development of modern
geological and reservoir principles to provide estimates of the reserves
tical computer model to match and predict the performance of a geotherm-
technique used for matching reservoir performance.
and Ramey [4]. Special attention has been paid to sensitivity analysis
essentially the same material-energy balance equations used by Whiting
match past performance of a geothermal reservoir, whether its physical
and the future productivity of geothermal fields [3].
on various parameters wherever applicable, and on the optimization
al reservoir at Wairakei, New Zealand. To date, this has been the only
steam, and to predict future productivity. The computer model employs
state is as compressed liquid, saturated liquid-steam, or superheated
work of this type published.
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I
11.1. Geothermal Reservoirs
Geothermal reservoirs can be categorized into two general types:
hot-water fields and vapor-dominated fields. The hot-water fields
I represent compressed liquid and saturated liquid-steam reservoirs;
vapor-dominated fields are systems with a significant dry steam region.
I
I
11.1.1. Hot-Water Field Characteristics
The temperature of the fluid in the reservoir may range up to
600°F. Hot-water dominated systems are more prevalent than vapor-domi-
nated ones. The former type is the most common type of economically
water systems. Arguments have been advanced that systems suitable for
(Table 1).
The geology of hot-water fields is similar to that of cold ground-
exploitable geothermal field
I
I exploitation may be confined (artesian) or open (without a caprock, alayer of rock with low permeability overlying the aquifer). Hot-water
systems are usually found in permeable sedimentary or volcanic rocks
and rocks such as granite, with open channels along faults or fractures
[5].
Hot-water systems have a high potential for self-sealing because of
deposition of minerals in outlet channels. Silicates, calcites, and
sodium dioxide are important constituents contributing to the self-
sealing of high temperature systems, because they are relatively abundant
' ••;.••>••••••'.1,~-, [I
and their solubility increases greatly with increasing temperature.
Therefore, where large temperature differences exist, self-sealing may
-
lIB..
25
75
20
10
13
365
192
502
Electrical Capacity, MW
473
473
446
518
572
392
Temperature, OF
.
Table 1. Characteristics and Power-Generating Capacity
of Selected Geothermal Fields
---.,-------
Field Reservoir Fluid
Wairakei water
Kawerau water
Cerro Prieto water
Otake water
Matsukawa mostly steam
Geysers steam
Larderello steam
Monte AJn1ata steam
Country
Mexico
New Zealand
Italy
Japan
u.S.
~IBIRB"I,', li' . "'". ~r~~1
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be expected. The self-sealed reservoir eventually becomes a closed
reservoir, which is depletable.
Under ideal thermodynamic conditions hot water will flash up a
well drilled inte a geothermal reservoir. The resulting fluid is a mix-
ture of water and steam under saturated liquid-steam conditions, with
water usually predominating. The proportions of water and steam vary
with each well in a single field in accordance with the enthalpy of the
fluid and the wellhead pressure. Once flow has been initiated, a pro-
duction well in this type of field will flow continuously [6].
11.1.2. Vapor-Dominated Field Characteristics
Dry steam fields are those that yield dry or superheated steam
(Table 1). Geologically, hot-water and dry steam fields are generally
similar, as emphasized by the fact that in some cases wells have pro-
duced hot water for a period and dry steam later [6].
~.:.·.·I~~.
It has been known that the near-surface rocks of Larderello and
Geysers are relatively tight and evidently do not permit large quantities
of meteoric water to penetrate deep into their systems [5]. Tight
reservoir rock, which has low porosity and permeability, develops a
superheated region more quickly during its production life than rock
which has high permeability [7].
In general, when surface springs are low in chloride and subsurface
thermal waters are similarly low «20 ppm, parts per million), a vapor-
dominated system is indicated. The chloride content of steam is normal-
ly less than 1 ppm, but near-surface waters involved in condensation of
the steam commonly contain a few ppm of chloride because, with little or
I
I
I
I
I
I
I
I
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no discharge, chloride can be selectively concentrated [5].
11.1.3. Source and Transfer of Heat
Non-geopressur€d reservoirs obtain heat from underground magmatic
intrusions. The heat source may reach temperatures as high as 2400°F.
In an active volcano, a magmatic intrusion reaches the surface through
a large fault system. Magmatic intrusions that have occurred within
the last half million years or so may satisfactorily account for the
heat source, depending on the closed system characteristics of the
reservoir [6].
Conduction is the primary means by which the heat is conveyed
through the rock strata. In addition, heat can be transferred by con-
vection, especially in a reservoir where fluid passes through rock of
sufficient permeability [7]. Generally, when the density of the satu-
rating fluid phase in a porous medium is not uniform, some movements
caused by the effects of gravity forces may occur and tend to reduce the
overall discrepancies in the density field [8]. Cold water travels from
the upper to the lower part of the aquifer. The most common parameter
that influences density of a fluid is temperature (usually density de-
creases when temperature increases), which tends to stablilize at or near
the boiling point corresponding to the hydrostatic pressure of the sys-
tem. Temperature inversions, which are not uncommon, cause secondary
disturbances in the convection network [6].
If the water recharge rate is insufficient to balance the draw-off
of the steam, and "evaporative space" will form in the vicinity of the
production zone. Eventually. a comprehensive steam zone may form above
The lumped-parameter model offers one of the simplest means of
Several computer models for geothermal reservoirs have been devel-
8
The fluid reaching the surface has approximately the same energy as
ties of the rock and/or the fluid (e.g. saturation, viscosity, pressure,
that entering the well formation. Dry steam reaches the surface with
the water reservoir. Evidence shows that the stea~water interface tends
time is the only independent variable, the system can be characterized
to fall, if production is high, until a point of equilibrium is reached.
entire system is considered a perfect mixing cell for both mass and
problem.
model. Numerical analysis is usually the method employed to solve the
ated within the system as well as those crossing the boundaries. Since
of mass and energy, attention is restricted to the total amounts gener-
meter models and lumped-parameter models. A model in which the proper-
describing the behavior of a geothermal system during exploitation and
etc.) are allowed to vary in space is called a distributed-parameter
oped. These may be divided into two general types: distributed-para-
is of main interest to this study. In the lumped parameter model, the
in accordance with saturated conditions [9].
mixtures boil on the way up the casing, losing temperature and pressure
energy, so the spatial variations in concentration can be reduced to a
little change, but water entering at high temperatures or liquid-steam
single point in space. Instead of considering the internal distribution
11.2. Computer Models of Geothermal Reservoirs
This change is dependent on the recharge rate [6].
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9
mathematically by a set of ordinary differential equations or an equiva-
lent set of algebraic expressions representing total mass and energy
[10]. A few people have done research with this model. Their work will
be discussed briefly.
11.2.1. Brigham-Morrow Model
The lumped-parameter approach was adapted to vapor-dominated sys-
tem by considering three different distributions of vapor and liquid.
In each case the system is assumed to be completely closed (i.e. the
boundaries are impermeable and adiabatic) and energy is derived only
from the rock mass itself.
The first model concerns a single-phase system completely saturated
with vapor. An isothermal system was assumed in this model. The second
model has the vapor phase separated from an underlying layer of liquid
by a horizontal interface at which boiling occurs. The vapor phase is
assumed to be isothermal, while the liqUid phase changes its volume
continuously and the corresponding lumped system is therefore defined as
the pore space filled with liquid at the beginning of each pressure drop.
The final model in question considers a vapor phase overlying a layer of
liquid except that boiling occurs throughout the entire thickness of this
layer and its depth remains fixed with time. The resulting energy equa-
tion is essentially similar to that of Whiting and Ramey [4] with the
exception that only stea~ is allowed to leave.
Applications of these models to various hypothetical reservoirs has
shown that in estimating available reserves by extrapolation of early
P/Z (pressure/compressibility factor) behavior, the results will tend to
I
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be optimistic when porosity is low, but pessimistic when porosity is
high. The presence of even a small amount of liquid in the lower part
of a geothermal system is extremely important since it can account for
a large fraction of the total fluids mass and significantly affect the
P/Z analysis. Finally Brigham and Morrow concluded that the steam region
will always remain isothermal whether or not there is boiling water be-
low the steam. Thus pressure, temperature, and enthalpy measurements
will not be completely diagnostic for determining the original state of
the reservoir as steam gradually becomes superheated as pressure de-
clines [11 ] •
11.2.2. Martin Model
This lumped-parameter model is based upon the assumption that the
liquid and gas phases are uniformly distributed throughout the system.
The system is assumed to be completely closed and each phase is produced
at a rate related to its relative permeability.
Martin [12] stated that the depletion of a reservoir, if it is ini-
tially in the compressed liquid region, will be isothermal until satura-
tion conditions are met. Steam production increases in the reservoir
along the vapor pressure curve to the point where all the liquid has
vaporized. The reservoir will then produce superheated steam essential-
ly under isothermal conditions.
I1.2.3. Whiting-Ramey Model
This is the first and best known lumped-parameter model of a pro-
ducing geothermal reservoir The system has a bulk volume containing
I
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vapor, water, and rock. Water may flow in from an adjacent aquifer or
leak out of the system via steam vents, springs, wild wells, etc. The
water influx is represented by a linear combination of terms each of
which is the product of a theoretical time-dependent response function
characterizing a certain aquifer flow geometry (hemispherical, linear,
or radial) and pressure. These calculations further assume that the
liquid inflow is isothermal with constant enthalpy. The energy balance
calculation is based on the assumption that the system is in complete
thermodynamic equilibrium. Additional assumptions made are that the
heat loss is negligible, while the enthalpy of the produced and lost
fluid is the same.
The compressed liquid version of this model was applied to the
Wairakei geothermal system in New Zealand. The model was successfully
used to match and predict the performance of the reservoir [4].
Of the three models discussed above only Whiting and Ramey's model
provides for estimates of reserves and future productivity. The Hawaii
Geothermal Project (HGP) model will be somewhat similar to Whiting and
Ramey's model.
(1)-W + WL e
= current mass in reservoir, lb
W = initial mass in reservoir at start ofi
production, lb
W = cumulative mass produced, lbp
WL = cumulative mass lost via springs, wild
wells, etc. , lb
W = cumulative liquid mass influx, lb
e
= Wi - Wp
where W
c
W
c
WcHc = V(l-~)PrCr(Ti-Tc) + WiHi - WpHp - WL~ + WeHe + Qs (2)
where H = average enthalpy of total fluids in
c
12
H ~ average enthalpy of initial fluids in
i
reservoir, Btu/lb
reservoir, Btu/lb
III. THEORETICAL CONSIDERATIONS
H = average enthalpy of produced fluids, Btu/lb
p
~ = average enthalpy of lost fluids, Btu/lb
Material Balance:
Energy Balance:
The following basic equations have the capacity for describing any
tions.
geothermal reservoir containing liquid and/or steam, including production
material balance, energy balance, volumetric balance, and enthalpy equa-
liquid, superheated steam, or any liquid-steam mixture. They are the
and recharge in any physically possible fashion, whether it be compressed
111.1. Basic Equations
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H = average enthalpy of liquid water influx,
e
Btu/lb
v = reservoir bulk volume, ft3
~ = formation porosity
Pr = formation density, lb/ft3
C
r
c specific heat of formation, Btu/lb-oF
Tc = current reservoir temperature, oR
Ti = initial reservoir temperature, oR
I
I
I
i
I
I
I
I
I
Qs = cumulative net heat conducted into
reservoir, Btu
Volumetric Balance:
V~ = W «l-X )Vf + X V ) (3)c c c g
where Xc = current steam quality in reservoir
Vf = specific volume of saturated liquid, ft
3/lb
Vg c specific volume of saturated vapor, ft
3/lb
Enthalpy Equation:
H = (l-X)Hf + XHg (4)
where H = fluid enthalpy of steam quality X, Btu/lb
Hf = enthalpy of saturated liquid, Btu/lb
H • enthalpy of saturated vapor, Btu/lbg
Equations (1), (2), (3), and (4) are the basic equations employed by
Whiting and Ramey [4].
111.2. Physical States of Water
In the use of Gibbs' phase rule, in order to specify the thermody-
namic state of a single phase of water, two independent thermodynamic
(5)
I
i
14
properties (i.e. temperature and pressure) must be specified. However,
if two phases are present (e.g. saturated liquid-steam), specification
of only one intensive property defines the system.
d f = C - P + 2
where df = degrees of freedom
C = number of components
P = number of phases
It has been shown through thermodynamic analysis that a geothermal
system initially yielding a single-phase (either compressed liquid or
superheated steam) will tend to deplete isothermally. However, once two
phases form, a system should follow a variation of the vapor pressure
curve appropriate for the fluids in the pore space [13].
111.3. Thermodynamics
In the following section is discussed five possible initial condi-
tions (Figure 1) the geothermal reservoir may have and their probable
paths during mass production. It is assumed that water influx is negli-
gible.
The first case to be considered is state "A", which lies entirely
in the vapor region. Recall from Gibbs' phase rule that two intensive
properties completely determine the thermodynamic state of the system.
A pressure-enthalpy plot (Figure 2) for pure water in the superheated
steam region shows the path of isothermal production of a geothermal
steam reservoir initially at point "A" [4]. Although the actual path for
production of such a reservoir would not truly be isothermal, the tem-
perature decline would be too small to detect using normal field instru-
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Figure 2. Pressure-Enthalpy Diagram for Superheated, Steam [4]
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ments. The enthalpy of the steam in the reservoir increases significant-
ly with a pressure drop as reported at Larderello, Italy [14]. If the
reservoir follows an isoenthalptic path with both pressure and tempera-
ture declining, then the thermal energy is obtained from the large quan-
tity of sensible heat in the rock matrix [4].
Point "B" in Figure 1 lies on the vapor pressure curve. According
to Gibbs' phase rule, one intensive property determines this type of
system. Although the thermodynamic condition is specified as solid, liq-
uid, and vapor in equilibrium, the relative amounts cannot be determined
unless other thermodynamic properties are known (e.g. enthalpy, steam
quality,etc.). Point "B" in Figure 3, a pressure-enthalpy diagram for
pure water, best illustrates this point.
The mass and energy of the produced fluid and the thermodynamic
path of the producing fluid must be specified. If saturated hot water
was produced isothermally, there would be no reservoir pressure decline
until all the fluid in the reservoir had vaporized. If the reservoir
follows an isoenthalptic path, both pressure and temperature would tend
to decrease. Transfer of heat from the rock to the fluids in the pore
space would occur [4]. One important fact remains clear as long both
liquid and vapor exists in the reservoir: the maximum enthalpy of steam
would be 1204.5 Btu/lb (Figures 2 and 3). Furthermore, the reservoir
steam enthalpy should decline slightly as reservoir steam pressure de-
creases below 700 psia. Therefore, enthalpy of the produced geothermal
fluid may well provide important information regarding reservoir condi-
tions.
The compressed liquid state is represented by point "e" in Figures
Figure 3. Pressure-Enthalpy Diagram for Water [4]
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1 and 3. Similarly as for point "A"t both initial pressure and initial
temperature are needed to determine the initial condition. The differ-
ence lies in that point "c" will eventually reach some point "B" on the
vapor pressure curve. The actual path of the compressed liquid reservoir
is essentially isothermal and isoenthalptic [4].
Points "D" and "E" represent pressures higher than critical. A geo-
thermal reservoir indicated by point "D" would eventually become similar
to a reservoir initially at condition "A". An initial reservoir condi-
tion like point "E" would soon become similar to points "c" and "B" upon
steam production and resultant pressure decline.
ervoir drainage area t p. If the production rates are known at various
reservoir pressures, extrapolation into the future is possible.
Of all the well test analyses t the pressure buildup test is the
(6)
Matthews and Russell [15] state the theoretical basis for the pres-
most important because it yields the static average pressure in the res-
sure buildup test by the following relation for an infinite boundary
111.4. Pressure Buildup Test
reservoir (nomenclature in Table 2).
Pws = Pi + (q~/4TIkh)ln(y*¢~crw2/4k(t+~t»
(q~/4TIkh)ln(y*¢~crw2/4~t)
where Pws = well pressure after shut-in
Pi = initial pressure
t = time during well production
~t = time after well is closed-in
*y = Euler's constant, 1.78
cm
cm
cp
cm
atm
sec
darcies
cc/sec
vol/vol/atm
Darcy Units
.. ........
ft
vol/vol/psi
hr
ft
barrels/day (B/D)
psi
centipoise (cp)
millidarcy (md)
ft
t, time
r, distance in radial direction
q, production rate
p, pressure
~, fluid viscosity
k, formation permeability
h, formation thickness
¢, formation porosity
c, fluid compressibility
r , well radius
w
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~~
~~~1~~~ Table 2. Practical and Darcy Units
~~I Parameter Practical Units
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adapted from [16]
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From the law of logarithms equation (6) then reduces to
Pws = Pi - (qll/411kh)ln«t+l1t)/l1t) (7)
By applying the CODmon logarithm and converting into practical units
(Table 2) equation (7) becomes
Pws = Pi - (162.6qllB/kh)log10«t+l1t)/~t) (8)
where B = formation volume factor
Matthews and Russell [15] reported that an equation written for
pressure behavior in an infinite reservoir may be immediately rewritten
* *for a finite reservoir by substituting p for Pi' The variable p is
defined as the well pressure at an infinite shut-in timet (t+~t)/l1t = 1.
Thus for a finite reservoir t a pressure buildup curve will decrease
after a lengthy time period t as shown in Figure 4. The flattened curve
approaches the average pressure t Pt in the bounded reservoir. The
*straight line portion of the bounded reservoir reaches the value of p
at (t+~t)/~t = 1. In practice t a well will not be closed-in long enough
to attain the condition represented by the flattened portion of the
curvet but it is possibie to estimate P from the extrapolated value of
*p •
* -Matthews t Brons t and Hazebroek [17] developed equations for (p -p)
* -versus time for drainage areas of various shapes. A plot of (p -p)/
(70.6qll¢B/kh) versus O.000264kt/¢llcA for various locations of a well in
a square boundary is shown in Figure 5. The quantity A is the reservoir
2
area in ft • Plots of various boundary shapes and well locations are
available [17].
The recommended procedure for determining the average pressure is
as follows:
:?S-,
_ .."s: .•"%:h.A~~~~~~~"'""1:~~:W,,-7b.~~4~~~~J:i;.:;:~~~~~4f~~~~~'::~~>N~~.~''='"'"''~~~-.",-,.----._,-_. _._-
Figure 4. Pressure Buildup Curve for Infinite and Finite
Boundary Reservoir [16]
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*1. Plot Pws versus 10glO«t+~t)/~t) to determine p at infi-
nite shut-in time. The graph is extrapolated to the point
where (t+~t)/~t = 1 as illustrated in Figure 6.
2. t DA is calculated from the following equation
t DA = O.000264kt/~~cA (9)
3. Use a pressure function plot, like Figure 5, with the
*appropriate drainage area and well location. Since p
is known, calculate p.
It should be noted that to obtain a single p value, there must be
production for at least one month followed by a shut-in and buildup test,
which will require about half a month. Therefore, it may be six to
twelve months before performance prediction can be attempted with any
confidence .
111.5. Hot-Water and Steam Properties
Geothermal fluids may contain salt, silica, calcium carbonate, pot-
aah, manganese, boron, iodine, bromine, lithium, sulfur, fluorine,
potassium, arsenic, antimony, and other dissolved solids [18]. Dry steam
reservoirs also produce non-condensable gases along with steam. The
gases include carbon dioxide, hydrogen sulfide, ammonia, methane, and
ethane. The presence of these non-condensable gases in a dry steam res-
ervoir will affect the thermodynamic and transport properties of the
produced fluid. Unfortunately, almost no experimental work seems to have
been done on the prop~rties of dry steam and non-condensable gas mixtures
[13] •
Ken Mashima [16]reported that the salt water content of the under-
~~'7
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ground water at Wairakei reservoir was less than 3% and the properties
of dilute saline solutions are very close to the properties of pure
water. However, Imperial Valley has as much as 30% dissolved solids by
weight in the geothermal fluid [19].
Keeping this in mind, the true vapor pressure of water in a geo-
thermal system may not necessarily be that presented in the steam tables.
For a fixed pressure, the boiling temperature of water will be elevated
by the presence of impurities mentioned above. However, this effect is
usually rather small. The difference according to Ramey [13], would
probably not be measurable in a vapor-dominated geothermal system.
Based on the data in the literature, Chou [20] formulated the in-
terpolated formulas for vapor pressure. specific volume. enthalpy. and
heat of vaporization of ordinary sea water in the temperature range of
32°F to 392°F for salinities of 0 to 120 ppt (parts per thousand). In
Figures 7. 8. 9, and 10 are represented the effect of different salt
water concentrations on these thermodynamic properties. The vapor pres-
sure differences vary slightly for low salt concentrations and increase
with higher salt concentrations (Figure 7). Specific volume is affected
by the salt concentration as shown in Figure 8. The addition of salt re-
suIts in a shift of pure water curve to the left. The greater the salt
concentration. the greater the curve will shift. Figure 9 shows that the
enthalpy value is lowered by the presence of salt. Heat of vaporization
is only affected by salt concentrations at high temperatures (Figure 10).
One trend observed is that the deviation from the pure water curve in-
creases at higher temperatures.
Although the effect of salts in solution and the lowering of vr>~"'c
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pressure due to capillary pressure could have modifying influences upon
quantitative calculations, the presence of salts should not alter the
general principles presented.
In Hawaii, it is expected that the geothermal reservoir will be
liquid dominated and brackish [16]. Therefore, as ocean water has a salt
content of 19 ppt (parts per thousand) and if 1% encroachment can be
assumed, then a relatively pure water condition exists. Even if the
geothermal fluid approximates seawater, the effects of the salt content
on the thermodynamic properties of water and steam can be effectively
neglected.
111.6. Specific Hea~ of Formation
Dr. Gordon A. MacDonald [21] of the Hawaii Institute of Geophysics
stated that the rock in the Hawaii geothermal reservoir would probably
be basalt. A general equation of rock heat capacity was formulated from
information obtained from Dr. MacDonald. In Figure 11 is displayed the
general heat capacity equation for basalt in comparison with Ramey's
[13J reported general heat capacity equation for other reservoir mate-
rials. The heat capacity of basalt in this case is higher than the heat
capacity of sandstone, silty sand, siltstone, or shale.
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IV. FORMULATION OF COMPUTER MODEL
IV.l. Performance Matching and Prediction
The four basic equations (1), (2), (3), and (4) introduced in the
previous chapter, in addition to the following assumptions about the
reservoir and its conditions, are the basic foundation for this study.
1. The system is the fluid and rock in the reservoir at bulk
volume, including the well.
2~ Complete thermodynamic equilibrium exists.
3. Isothermal depletion in the single-phase reservoirs during
production.
4. The reservoir contains essentially pure water.
5. Mass influx, W , is treated as a single parameter. The
e
mass influx was considered a saturated liquid at a constant
influx temperature, Te •
6. Thermal and hydraulic equilibrium exists in the reservoir.
Heat conducted to the bottom of the reservoir is equal to
heat conducted to the top of the reservoir. This balance
is only upset by production resulting in significant res-
ervoir temperature change. Nevertheless, the heat conduc-
tion would be at such a slow rate that projection would not
be affected.
7. Enthalpy produced, enthalpy lost, and current enthalpy are
assumed to be equal (Hp = ~ = Hc)' Heat loss in the well
bore is neglected.
8. Heat capacity at constant pressure is essentially the same
I
I
I
I
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as at constant volume.
Some of the preceding assumptions were adapted from Whiting and Ramey
[4].
The operation of matching the past performance data using the ma-
terial-energy balance to determine the initial conditions involve a
least squares fitting technique. Basically, the calculated pressure is
matched against the actual average pressure with time as represented by
the cumulative production figures (Plots presented in V. Results and
Discussion). The mass influx is initially considered negligible. A
range of least squares fits are made by varying combinations of the un-
known initial conditions. Once the optimum initial parameters are known,
mass influx may be varied until the maximum allowable rate (i.e. largest
possible mass influx rate that has a good curve fit) is determined. In
the two-phase case influx temperature may be altered also. A least
squares value ~f zero means a perfect fit has been obtained.
An optimization scheme BOX (Optimization scheme explained in IV.2.1.
Description of Computer Program BOX and BOX User's guide, listing, and
printout in Appendix D) is employed to find the optimum initial condi-
P ~ actual average reservoir pressure, psia
actual
I
I
tions by minimizing the least squares function.
S ~(P _p )2
= ~ actual calc
where S = least squares value
(10)
P = calculated pressure, psia
calc
N = number of past performance data sets (data
set ~ actual average reservoir pressure ver-
sus cumulative mass produced)
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The initial parameters to be optimized in the three different cases are:
1. Compressed liquid reservoir
a. Initial pressure, Pi
b. Initial mass, Wi
2. Saturated liquid-steam reservoir
a. Initial temperature, T.
l.
b. Initial mass, Wi
c. Initial steam quality, Xi
3. Superheated steam reservoir
a. Initial (pressure/compressibility factor), Pi/Zi
b. Initial mass, Wi
Chen [22] reported that the initial conditions obtained from per-
formance matching mayor may not be the real reservoir condition. Never-
the1ess, it is not important to have the correct model as long as the
performance of the model and the reservoir are the same.
When the optimum initial conditions are known, computer program PRE
(Program explained in IV.2.2. Description of Computer Program PRE and
PRE User's guide, listing, and printout in AppendiX E) can be used to
predict the performance at different production rates. A thirty-year
projection, which is standard in the utility field, was used.
IV.I.I. Saturated Liquid-Steam Reservoir Calculation Scheme
The calculation scheme for this case compared to the other two
cases is the most rigorous. Specifically, the current steam quality is
calculated from the volumetric balance.
(11)
36
Once the current temperature is known, the corresponding pressure can
(12)H = (l-X )Hf + Hc c g
The compressed liquid reservoir equation is a reduced case of the
VL = VLi/(1 + (We/Wi) - (Wp/Wi) - (WL/Wi» (14)
3
where VL = specific volume of liquid water, ft lIb
pressures are found for the least squares fit. In Figure 12 is the route
Y = WiHi - WpHp + WeHe - WLHL + V(1-~)PrCr(Ti-Tc)
+ Q - W H (13)
s c c
VLi = specific volume of liquid water at initial
3
conditions, ft lIb
Now setting the energy balance to zero, the current temperature that
satisfies equation (13) can be found.
The current enthalpy is solved from the enthalpy equation.
be determined. From a set of past performance data. a set of calculated
necessary to obtain the optimum initial conditions.
mass-energy-volumetric balance equations used in the two-phase case (Cal-
volume. Subprogram WASP (Program explained in IV.2.3. Description of
Subprogram WASP and WASP User's guide in Appendix F) then is used to
culations presented in Appendix A). The reduced equation is in effect a
value. A set of calculated pressures will be obtained from each set of
IV.l.2. Compressed Liquid Reservoir Calculation Scheme
calculate the current pressure for the evaluation of the least squares
From the above equation, only the initial liquid specific volume and the
various mass data are needed to determine the current liquid specific
mass-volumetric relationship.
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production data.
IV.l.3. Superheated Steam Reservoir Calculation Scheme
The superheated steam reservoir case is similar to the compressed
liquid reservoir case. Since steam is a gas, the static reservoir pres-
sure is handled in the usual gas reservoir engineering manner. This is
specifies that the volume of gas produced must equal the original mass
based upon the mass balance equation (1) and a volumetric balance, which
I
I
I
I
of gas from the original pressure to the current pressure.
WpVv = Wi(Vv-Vvi) + WeVv - WpVv
where V = specific volume of vapor, ft 3 /lb
v
Vvi = specific volume of vapor at initial
conditions, ft 3/lb
(15)
I
I
I
I
I
I
The specific volume terms, which is a function of temperature and pres-
sure, can be expressed by the real gas law. In Figure 13 is shown the
relationship of compressibility factor as a function of temperature and
pressure.
V = ZRT/pM (16)
v
where Z = compressibility factor
3R = gas law constant, 10.73 (psia-ft )/
(lb 1 - OR)
moe
T = reservoir temperature, oR
M = molecular weight of steam, 18 lb/lb
mole
p = reservoir pressure, psia
Substituting equation (16) into (15) and rearranging results in,
Figure 13. Gas Law Deviation Factor for Steam [23]
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P/Z = (Pi/Zi) (1 + (We/Wi) - (Wp/Wi ) - (WL/Wi » (17)
where Pi/Zi = initial (pressure/compressibility
factor), psia
which is similar to the compressed liquid case. Only the various mass
data and the initial (pressure/compressibility factor) are needed to ob-
tain the current pressure and ultimately the least squares value.
Ramey [23} reported that if the actual field data is plotted (p/Z
versus W ) and a straight line results, the reservoir can be consideredp
closed with no recharge. This straight line may be extrapolated to the
abandonment pressure level to prOVide a measure of the ultimate recovery
of steam. An extrapolation of zero pressure yields a measure of the
initial mass of steam in place, Wi. Water influx usually results in a
concave-upwards shape in the plot and pressure often stabilizes after a
length of time.
IV.2. Computer Analysis
Basically, the computer analysis consists of two separate programs:
BOX and PRE. The BOX program is primarily an optimization scheme that
minimizes the least squares function (performance matching) and locates
the optimum initial parameters for a compressed liquid, saturated 1iquid-
steam, or superheated steam reservoir. Program PRE is used to predict
the thirty-year performance of the geothermal reservoir at various pro-
duction rates.
The use of BOX requires the user to supply the estimated range (i.e.
upper and lower constraints) of each initial parameter. As it turns out,
the success of finding the minimum least squares value (good performance
I
I
I
I
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I
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match) and subsequent optimum initial parameters is highly dependent on
the constraints chosen. Therefore, the general scheme for obtaining a
good match is to vary the constraints. The frequent use of BOX (BOX has
about 600 cards and PRE over 825 cards) prior to the use of PRE is the
reason why these two programs were not incorporated into one.
IV.2.1. Description of Computer Program BOX
This program can be used to determine the minimum of a multivari-
able, nonlinear function subject to nonlinear inequality constraints.I
I
Minimize
where PBAR = actual average reservoir
(18)
I
i
PC
i
JK
pressure
= calculated pressure
= 1, 2, ... ,JK
R number of past production data
I
I
I
Subject to
sets
where GK = lower constraint
HK m upper constraint
K = 1, 2, ••• ,M
-I
I
M = number of constraints
The implicit variables, XN+1 , ••• ,~, are dependent functions of the ex-
plicit independent variables Xl' X2""'~ (where N = number of unknown
initial parameters). The upper and lower constraints are either constants
or functions of the independent variables.
The optimization scheme is based on the "compl~x" method developed
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by M.J. Box [24]. This method is a sequential search technique which has
proven to be effective in solving problems with nonlinear objective
functions subject to nonlinear inequality constraints. No derivatives
are required. The procedure can be used to determine the global minimum,
as the initial set of points are randomly scattered throughout the fea-
sible region. The "complex" algorithm proceeds as follows:
1. An original "complex" of KN =2N (for N<5) points are gen-
erated consisting of a feasible starting point and KN-I
additional points generated from random numbers and con-
straints for each of the independent variables:
I
I
Xi,j = Gi + ri,j(Hi - Gi )
where i = 1, 2, ••• ,N
j = 1, 2, ••• ,KN-I
(19)
i
I
I
.1
R
ri,j = random numbers between 0 and 1
2. The selected points must satisfy both the explicit and im-
plicit constraints. If at any time the explicit constraints
are violated, the point is moved a small distance 0 (viola-
tion correction parameter) inside the violated limit. If an
implicit constraint is violated, the point is moved one
half of the distance to the centroid of the remaining
points,
Xi,j(new) = (Xi,j(old) + Xi ,c)/2.0 (20)
where the coordinates of the centroid of the remaining
points Xi ' are defined by:
,c
Xi = (I/KN-I)~ Xi j - Xi .(old» (21)
, c j=I',J
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This process is repeated as necessary until all the impli-
cit constraints are satisfied.
3. The objective function (least squares function) is evalu-
ated at each point. The point having the lowest function
value is replaced by a point which is located at a distance
a (reflection factor) times as far from the centroid of the
line joining the rejected point and the centroid:
Xi,j(new) = (Xi,c - Xi ,j(old» + Xi,c (22)
Box [24] recommends a value of a = 1.3
4. If a point repeats in giving the lowest function value on
consecutive trials, it is moved ~ the distance to the cen-
troid of the remaining points.
5. The new point is checked against the constraints and is ad-
justed as before if the constraints are violated.
6. Convergence is assumed when the objective function values
at each point are within 8 (convergence parameter) units
for Y (convergence parameter) consecutive iterations. An
iteration is defined as the calculations required to select
a new point which satisfies the constraints and does not
repeat in yielding the lowest function value.
The preceding discussion was adapted from Kuester and Mize [25]. A flow
chart illustrating the general optimization scheme is given in Figure
14.
Subroutine FUNK contains the objective function that is to be mini-
mized. A set of independent variables (initial parameter) are trans-
ferred to this subroutine in an attempt to match the past performance of
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the geothermal reservoir. The three geothermal reservoirs considered are
compressed liquid, saturated liquid-steam, and superheated steam. A flow
chart of the general scheme is shown in Figure 15.
IV.2.2. Description of Computer Program PRE
This computer program is used to make a thirty-year projection of
the performance for a geothermal reservoir, whether it be compressed
liquid, saturated liquid-steam, or superheated steam. It can also be
used to determine the effects of phase changes (e.g. the path from a
single-phase region entering the two-phase region). The calculation
scheme is as follows:
1. The optimum initial conditions determined from BOX are read
into PRE.
2. These values are used in the material-energy balance equa-
tion to match the performance of the geothermal reservoir.
If a phase change occurs during the performance matching,
the user must remove the appropriate production data so the
performance matching will end prior to the transition point,
readjust the computer parameters, then start again.
3. Thirty-year projections are made at different production
rates. In the event a phase change occurs during the pre-
dictions, the common boundary or transition point is deter-
mined. Once found, projections are continued until the
thirty-year mark is reached, the reservoir pressure falls
below 60 psia, or no current mass exists. In Figure 16 is
displayed the general logic of program PRE.
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!V.2.3. Description of Subprogram WASP
WASP [26] is used to calculate the thermodynamic and transport pro-
perties of water and steam. It accepts any combination of pressure, tern-
perature, or density as input conditions. In addition, pressure and
either entropy or enthalpy are also allowable input variables. The pro-
perties available in any combination as output include temperature, pres-
sure, density, entropy, enthalpy, specific heats (C and C ), sonic ve-p v
locity, (dP/dP)T' (dP/dT~ , viscosity, thermal conductivity, surface
tension, and the Laplace constant (WASP User's guide in Appendix F).
IV.3. Error Analysis
The convergence parameters of BOX are easily calculated (parameters
defined in Appendix D). These values are multiples of either the function
i
I
"I
I
value or the independent variable values. Theoretically, a perfect fit
will have a least squares value of zero. However, in the BOX program the
calculated least squares value is truncated to an integer, so a zero
least squares value will be a close, although not perfect fit.
To enable the use of WASP to calculate the thermodynamic properties
of water and steam with a high degree of accuracy, the subprogram is
operated in double precision. BOX and PRE, which make frequent calls to
WASP, are also in double precision. In order to check for any discrep-
ancies, the authors of WASP [26] made comparison plots of temperature,
pressure, and density using the International Skeleton Tables for steam
and water [27,28] as their references. Plots are in ~ppendix B.
Figure 34 represents the percent error in density as a function of
density. With the exception of three points, all the values are within
~---..•.~~,~~.__._-,,~.._._----"-,,_.~----------------_._..__._-------------_._-- ------ _._-_._-_.__.-
I; I
II
I
I
II
I
II
I
I
I
I
i
I
I
I
I
49
+0.25 and -0.50 percent and generally have an error of less than 1 part
in 3000. The error could be reduced by tightening the convergence cri-
teria, however, this is not recommended because of the increased comput-
er time and cost.
The relative error in pressure versus pressure is displayed in
Figure 35. In all cases the calculated pressures are within +3.0 and
-2.0 percent of the tabulated values. Most of the points lie within the
+0.25 percent range. The prediction of pressure at high density (low
temperature), using a fundamental equation or a state equation, is quite
difficult, yet these errors are all within accepted tolerances.
The final comparison plot done with WASP (Figure 36) is the percent
relative error of temperature versus temperature. With the exception of
about a dozen points, the predicted temperatures are within +0.25 and
-0.40 percent, lying generally in the ±0.10 percent range.
Usually temperature and density are predictable because of the man-
ner in which data was acquired, however, pressure is always difficult to
calculate. With these basic guidelines in mind, a faithful representa-
tion of the International Skeleton Tables was made [26].
WASP appears in subroutine FUNK of both BOX and PRE quite frequent-
ly. In the two-phase section of each program, WASP was contained within
a do-loop that conservatively made over 13,000 calls to WASP. This re-
sulted in excessive computer time and extreme expense. To reduce the
cost, general equations (36),(37),(38), and (39) (equations presented in
Appendix G) for the desired thermodynamic properties were determined by
linear regression. Keenan and Keyes' tabulated steam tables [29] was
used as the reference for the chosen temperature range of 300°F to 600°F.
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In Figure 37 is represented the percent relative error of enthalpy
of saturated liquid (Hf ) versus temperature. Except for five points at
the temperature limits, the enthalpies are within +0.1 percent. Consid-
ering all the points, the range of +0.1 to -0.16 percent is still very
good. The percent relative error of the enthalpy of saturated vapor (H )g
versus temperature was within +0.1 percent (Figure 38), while the spe-
cific volume of saturated liquid (V~) versus temperature ranged from
...
+0.3 to -0.2 percent (Figure 39).
The last thermodynamic property in question is the specific volume
of saturated vapor (Vg) presented in Figure 40. The range of error was
from +0.6 to -0.4 percent. The percent error is relatively high compared
to the other three plots, but still within WASP's maximum relative error
of 3.0 percent.
Re-examining Figures 37, 38, 39, and 40 it can be seen that the
thermodynamic values at the upper extreme temperatures have the largest
percent relative error. This was expected since temperature approaches
the critical point (705.5 OF).
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V. RESULTS AND DISCUSSION
This section is divided into three parts. The first part concerns
the performance matching results, the second part concerns the results
of the performance predictions, and the final part concerns the sensi-
tivity analysis of the reservoir and BOX parameters.
Reservoir performance data to test each case was difficult to ob-
tain because private firms generally treat reservoir data as proprietary.
However, with assistance from Dr. James W. Mercer of the United States
Geological Survey [30], five reels of microfilmed data from the Wairakei
geothermal field was secured. A second set of production data was ob-
tained with the help of Dr. R.S. Bolton [31], chief geothermal engineer
with the Ministry of Works and Development in New Zealand [32]. The
third and final set of production data was found in a publication by
Henry J. Ramey Jr. [23].
V.I. Performance Matching
In Table 3 is displayed the optimum initial conditions and minimum
least squares value for the three geothermal reservoirs studied:com-
pressed liquid, saturated liquid-steam, and superheated steam. Negli-
gible mass influx and a large mass influx (determination of mass influx
rate in V.3. Sensitivity Analysis) were two cases studied for each re-
servoir. The influx temperature was kept at 9600 R throughout the entire
matching analysis. For the reservoirs studied it appeared that large
mass influx gave better curve fits. This was especially true for the
compressed liquid case, in which the least squares value decreased from
·'r
.lI __ I.. ., .. _
Table 3. Optimum Initial Parameters of a Geothermal Reservoir
Initial (Pressure/Compressibility Factor) 188.162590
Initial Mass 2.3119401 X lOll
Reservoir Parameter
Compressed Liquid:
Initial Pressure
Initial Mass
Least Squares Value
Saturated Liquid-Steam:
Initial Temperature
Initial Mass
Initial Steam Quality
Least Squares Value
Superheated Steam:
Least Squares Value
Without Mass Influx
772.38813
5.41981569 X 1014
105
952.518912
1.87592409 X 1012
0.078475
8
o
With Mass Influx
773.8;9926
4.87952480 X 1014
80
952.739672
1.77168640 X 1012
0.014552
4
191.32409
1.8274845 X lOll
o
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production data.
IV.l.3. Superheated Steam Reservoir Calculation Scheme
The superheated steam reservoir case is similar to the compressed
liquid reservoir case. Since steam is a gas, the static reservoir pres-
sure is handled in the usual gas reservoir engineering manner. This is
based upon the mass balance equation (1) and a volumetric balance, which
specifies that the volume of gas produced must equal the original mass
I
I
I
of gas from the original pressure to the current pressure.
WpVv = Wi(VV-Vvi) + WeVv - WpVv
where V = specific volume of vapor, ft 3/lb
v
Vvi = specific volume of vapor at initial
conditions, ft 3/lb
(15)
I
I
I
.1
The specific volume terms, which is a function of temperature and pres-
sure, can be expressed by the real gas law. In Figure 13 is shown the
relationship of compressibility factor as a function of temperature and
pressure.
V = ZRT/pM (16)
v
where Z = compressibility factor
3R = gas law constant, 10.73 (psia-ft )/
(lb I - OR)
moe
T = reservoir temperature, oR
M c molecular weight of steam, 18 lb/lb
mo1e
p = reservoir pressure, psia
Substituting equation (16) into (15) and rearranging results in,
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p/Z = (Pi/Zi)(l + (We/Wi) - (Wp/Wi ) - (WL/Wi » (17)
where Pi/Zi = initial (pressure/compressibility
factor), psia
which is similar to the compressed liquid case. Only the various mass
data and the initial (pressure/compressibility factor) are needed to ob-
tain the current pressure and ultimately the least squares value.
Ramey [23} reported that if the actual field data is plotted (P/Z
versus W ) and a straight line results, the reservoir can be consideredp
closed with no recharge. This straight line may be extrapolated to the
abandonment pressure level to provide a measure of the ultimate recovery
of steam. An extrapolation of zero pressure yields a measure of the
initial mass of steam in place, Wi. Water influx usually results in a
concave-upwards shape in the plot and pressure often stabilizes after a
length of time.
IV.2. Computer Analysis
Basically, the computer analysis consists of two separate programs:
BOX and PRE. The BOX program is primarily an optimization scheme that
minimizes the least squares function (performance matching) and locates
the optimum initial parameters for a compressed liquid, saturated liquid-
steam, or superheated steam reservoir. Program PRE is used to predict
the thirty-year performance of the geothermal reservoir at various pro-
duction rates.
The use of BOX requires the user to supply the estimated range (i.e.
upper and lower constraints) of each initial parameter. As it turns out,
the success of finding the minimum least squares value (good performance
41
match) and subsequent optimum initial parameters is highly dependent on
the constraints chosen. Therefore, the general scheme for obtaining a
good match is to vary the constraints. The frequent use of BOX (BOX has
about 600 cards and PRE over 825 cards) prior to the use of PRE is the
reason why these two programs were not incorporated into one.
IV.2.I. Description of Computer Program BOX
This program can be used to determine the minimum of a multivari-
able, nonlinear function
Minimize -F
subject to nonlinear inequality constraints.
= f?PBARi - PCi ) 2 (18)
where PBAR = actual average reservoir
pressure
PC = calculated pressure
i ... 1, 2, ... ,JK
JK ... number of past production data
sets
where GK = lower constraint
HK ... upper constraint
K ... 1, 2, ••• ,M
M ... number of constraints
The implicit variables, XN+I •••• ,~, are dependent functions of the ex-
plicit independent variables Xl' X2' ..• '~ (where N ... number of unknown
initial parameters). The upper and lower constraints are either constants
or functions of the independent variables.
The optimization scheme is based on the "complex" method developed
I
I
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by M.J. Box [24]. This method is a sequential search technique which has
proven to be effective in solving problems with nonlinear objective
functions subject to nonlinear inequality constraints. No derivatives
are required. The procedure can be used to determine the global minimum,
as the initial set of points are randomly scattered throughout the fea-
sible region. The "complex" algorithm proceeds as follows:
1. An original "complex" of KN =2N (for N<5) points are gen-
erated consisting of a feasible starting point and KN-l
additional points generated from random numbers and con-
straints for each of the independent variables:
I
I
Xi,j ~ Gi + ri,j(Hi - Gi )
where i = 1, 2, ••• ,N
j = 1, 2, ••• ,KN-l
(19)
i
I
I
I
.1
I
ri,j = random numbers between 0 and 1
2. The selected points must satisfy both the explicit and im-
plicit constraints. If at any time the explicit constraints
are violated, the point is moved a small distance 0 (viola-
tion correction parameter) inside the violated limit. If an
implicit constraint is violated, the point is moved one
half of the distance to the centroid of the remaining
points,
Xi,j(new) = (Xi,j(old) + Xi ,c)/2.0 (20)
where the coordinates of the centroid of the remaining
points Xi ' are defi.ned by:
,c
Xi = (I/KN-1)~ Xi j - Xi .(old» (21)
,c j=l,.J
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cit constraints are satisfied.
ated at each point. The point having the lowest function
troid of the remaining points.
(22)
for Y (convergence parameter) consecutive iterations. An
Xi,j(new) = (Xi,c - Xi,j(old» + Xi,c
Box [24] recommends a value of a = 1.3
a (reflection factor) times as far from the centroid of the
consecutive trials, it is moved ~ the distance to the cen-
at each point are within B (convergence parameter) units
This process is repeated as necessary until all the impli-
iteration is defined as the calculations required to select
a new point which satisfies the constraints and does not
value is replaced by a point which is located at a distance
line joining the rejected point and the centroid:
justed as before if the constraints are violated.
repeat in yielding the lowest function value.
3. The objective function (least squares function) is evalu-
4. If a point repeats in giving the lowest function value on
5. The new point is checked against the constraints and is ad-
6. Convergence is assumed when the objective function values
Subroutine FUNK contains the objective function that is to be mini-
14.
ferred to this subroutine in an attempt to match the past performance of
mized. A set of independent variables (initial parameter) are trans-
chart illustrating the general optimization scheme is given in Figure
The preceding discussion was adapted from Kuester and Mize [25]. A flow
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the geothermal reservoir. The three geothermal reservoirs considered are
compressed liquid, saturated liquid-steam t and superheated steam. A flow
chart of the general scheme is shown in Figure 15.
IV.2.2. Description of Computer Program PRE
This computer program is used to make a thirty-year projection of
the performance for a geothermal reservoir, whether it be compressed
liquid, saturated liquid-steam, or superheated steam. It can also be
used to determine the effects of phase changes (e.g. the path from a
single-phase region entering the two-phase region). The calculation
scheme is as follows:
1. The optimum initial conditions determined from BOX are read
into PRE.
2. These values are used in the material-energy balance equa-
tion to match the performance of the geothermal reservoir.
If a phase change occurs during the performance matching t
the user must remove the appropriate production data so the
performance matching will end prior to the transition point,
readjust the computer parameters, then start again.
3. Thirty-year projections are made at different production
rates. In the event a phase change occurs during the pre-
dictions t the common boundary or transition point is deter-
mined. Once found, projections are continUed until the
thirty-year mark is reached t the reservoir pressure falls
below 60 psia t or no current mass exists. In Figure 16 is
displayed the general logic of program PRE.
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!V.2.3. Description of Subprogram WASP
WASP [26] is used to calculate the thermodynamic and transport pro-
perties of water and steam. It accepts any combination of pressure, te~
perature, or density as input conditions. In addition, pressure and
either entropy or enthalpy are also allowable input variables. The pro-
perties available in any combination as output include temperature, pres-
sure, density, entropy, enthalpy, specific heats (C and C ), sonic ve-p v
locity, (dP/dP)T' (ap/dT~ ' viscosity, thermal conductivity, surface
tension, and the Laplace constant (WASP User's guide in Appendix F).
IV.3. Error Analysis
The convergence parameters of BOX are easily calculated (parameters
defined in AppendiX D). These values are multiples of either the function
value or the independent variable values. Theoretically, a perfect fit
will have a least squares value of zero. However, in the BOX program the
calculated least squares value is truncated to an integer, so a zero
least squares value will be a close, although not perfect fit.
To enable the use of WASP to calculate the thermodynamic properties
of water and steam with a high degree of accuracy, the subprogram is
operated in double precision. BOX and PRE, which make frequent calls to
WASP, are also in double precision. In order to check for any discrep-
ancies, the authors of WASP [26] made comparison plots of temperature,
pressure, and density using the International Skeleton Tables for steam
and water [27,28] as their references. Plots are in ~ppendix B.
Figure 34 represents the percent error in density as a function of
density. With the exception of three points, all the values are within
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+0.25 and -0.50 percent and generally have an error of less than 1 part
in 3000. The error could be reduced by tightening the convergence cri-
teria, however, this is not recommended because of the increased comput-
er time and cost.
The relative error in pressure versus pressure is displayed in
Figure 35. In all cases the calculated pressures are within +3.0 and
-2.0 percent of the tabulated values. Most of the points lie within the
+0.25 percent range. The prediction of pressure at high density (low
temperature), using a fundamental equation or a state equation, is quite
difficult, yet these errors are all within accepted tolerances.
The final comparison plot done with WASP (Figure 36) is the percent
relative error of temperature versus temperature. With the exception of
about a dozen points, the predicted temperatures are within +0.25 and
-0.40 percent, lying generally in the +0.10 percent range.
Usually temperature and density are predictable because of the man-
ner in which data was acquired, however, pressure is always difficult to
calculate. With these basic guidelines in mind, a faithful representa-
tion of the International Skeleton Tables was made [26].
WASP appears in subroutine FUNK of both BOX and PRE quite frequent-
ly. In the two-phase section of each program, WASP was contained within
a do-loop that conservatively made over 13,000 calls to WASP. This re-
sulted in excessive computer time and extreme expense. To reduce the
cost, general equations (36),(37),(38), and (39) (equations presented in
Appendix G) for the desired thermodynamic properties were determined by
linear regression. Keenan and Keyes' tabulated steam tables [29] was
used as the reference for the chosen temperature range of 300°F to 600°F.
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In Figure 37 is represented the percent relative error of enthalpy
of saturated liquid (Hf ) versus temperature. Except for five points at
the temperature limits, the enthalpies are within +0.1 percent. Consid-
ering all the points, the range of +0.1 to -0.16 percent is still very
good. The percent relative error of the enthalpy of saturated vapor (H )g
versus temperature was within +0.1 percent (Figure 38), while the spe-
cific volume of saturated liquid (V~) versus temperature ranged from
...
+0.3 to -0.2 percent (Figure 39).
The last thermodynamic property in question is the specific volume
of saturated vapor (Vg) presented in Figure 40. The range of error was
from +0.6 to -0.4 percent. The percent error is relatively high compared
to the other three plots, but still within WASP's maximum relative error
of 3.0 percent.
Re-examining Figures 37, 38, 39, and 40 it can be seen that the
thermodynamic values at the upper extreme temperatures have the largest
percent relative error. This was expected since temperature approaches
the critical point (705.5 OF).
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V. RESULTS AND DISCUSSION
This section is divided into three parts. The first part concerns
the performance matching results, the second part concerns the results
of the performance predictions, and the final part concerns the sensi-
tivity analysis of the reservoir and BOX parameters.
Reservoir performance data to test each case was difficult to ob-
tain because private firms generally treat reservoir data as proprietary.
However, with assistance from Dr. James W. Mercer of the United States
Geological Survey [30], five reels of microfilmed data from the Wairakei
geothermal field was secured. A second set of production data was ob-
tained with the help of Dr. R.S. Bolton [31], chief geothermal engineer
with the Ministry of Works and Development in New Zealand [32]. The
third and final set of production data was found in a publication by
Henry J. Ramey Jr. [23].
V.I. Performance Matching
In Table 3 is displayed the optimum initial conditions and minimum
least squares value for the three geothermal reservoirs studied:cvID-
pressed liquid, saturated liquid-steam, and superheated steam. Negli-
gible mass influx and a large mass influx (determination of mass influx
rate in V.3. Sensitivity Analysis) were two cases studied for each re-
servoir. The influx temperature was kept at 9600 R throughout the entire
matching analysis. For the reservoirs studied it appeared that large
mass influx gave better curve fits. This was especially true for the
compressed liquid case, in which the least squares value decreased from
..__ ..,-~,---.-.--c--.....,..----------:---0'"...,..-:"";'"""'~~
.IJ .... ., _
Table 3. Optimum Initial Parameters of a Geothermal Reservoir
Reservoir Parameter
Compressed Liquid:
Initial Press\,lre
Initial Mass
Least Squares Value
Saturated Liquid-Steam:
Initial Temperature
Initial Mass
Initial Steam Quality
Least Squares Value
Superheated Steam:
Without Mass Influx
772.38813
5.41981569 X 1014
105
952.518912
1.87592409 X 1012
0.078475
8
With Mass Influx
773.8;9926
4.87952480 X 1014
80
952.739672
1.77168640 X 1012
0.014552
4
Initial (Pressure/Compressibility Factor) 188.162590
11Initial Mass 2.3119401 X 10
191.32409
1.8274845 X lOll
Least Squares Value o o
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105 to 80. The saturated liquid-steam case, which already had a good
fit of 8, had a fit of 4 with a large mass influx, while the superheated
steam case had a nearly perfect fit in both influx situations.
In Tables 4 and 5 are shown the compressed liquid reservoir condi-
tions for BOX and the production data used, respectively. In Figure 17
is displayed the performance matching of a compressed liquid reservoir
with negligible mass influx. The least squares value of 105 is rather
large in comparison with the other geothermal reservoirs matched, but is,
in effect, the best fit for the given production data. A performance
match of a compressed liquid with a large mass influx rate of 1.0 X 1010
1b/yr is shown in Figure 18. A close inspection of Figures 17 and 18
will show a slight variation between the two matches.
Table 4. Compressed Liquid Reservoir
Conditions for BOX
initial
parameter
pressure, psia
mass, lb
starting value
750.0
1.0 X 1015
lower constraint
724.7
1.0 X 1013
upper constraint
800.0
1.0 X 1017
.1
I
I
-I
~~
Whiting [33] tested the model on Wairakei data. He assumed negli-
gible mass influx, mass loss, and heat loss. Table 6 shows the results
of Whiting-Ramey model in comparison with the HGP model. The values
are essentially in agreement with each other.
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Table 5. Compressed Liquid Reservoir
Production Data
Table 6. Comparison of Results for a
Compressed Liquid Reservoir
average reservoir
pressure, psia
HGP Model
772.38813
5.4198 X 1014
1. 98080 X lOll
2.63323 X lOll
3.34383 X lOll
4.47215 X 1011
5.82333 X 1011
7.03257 X lOll
cumulative mass
produced, lb
773.3
5.234 X 1014
Whiting-Ramey Model
724.7
719.7
708.7
625.7
651. 7
685.7
WL .. 1.0 lb/yr
T1 - Tc - 924 oR
mass, lb
w - W - Q - 0.0L e s
pressure, psia
initial parameter
~
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curve fits is easily detected.
In Tables 7 and 8 are the saturated liquid-steam reservoir condi-
Table 8. Saturated Liquid-Steam Reservoir
Production Data
performance data, the best curve fit obtainable is shown in Figure 19.
1. 0180 X 1012
1.1600 X 1012
12
1. 2910 X 10
1. 4030 X 1012
cumulative mass
produced, lb
587.0
597.0
608.0
618.0
average reservoir
pressure, psia
WL = 1. 0 lb/yrQ = 1.0 lb/yr 3r~ck density = 190 lb/ft
porosity = 0.2
influx temperature = 960 oR
Table 7. Saturated Liquid-Steam Reservoir
Conditions for BOX
tions for BOX and the production data used, respectively. With the given
initial parameter starting value lower constraint upper constraint
temperature, oR 930.0 800.0 1000.0
mass, lb 1.0 X 1013 1.5 X 1012 7.5 X 1012
steam quality 0.1 0.0 1.0
curve fit value was 4 (Figure 20). In this case, the difference in the
The least squares value was 8 in the case of negligible mass influx, but
10 10
with a mass influx of 1.0 X 10 lb/yr (starting at 2.0 X 10 lb) the
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The third match is of the superheated steam reservoir. In Tables
curve fit plots are compared.
9 and 10 are displayed the BOX conditions and production data used,
225.0
5.0 X 1011
upper constraint
165.0
5.0 X 1010
lower constraint
190.0
1.0 X 1011
starting value
average reservoir cumulative mass
pressure, psia produced, Ib
164.0 1. 6706 X 1010
160.0 2.1083 X 1010
156.0 2.6382 X 1010
152.0 3.2580 X 1010
10
148.0 3.8090 X 10
145.0 4.3032 X 1010
142.0 4.7000 X 1010
WL = 1. 0 lb/yr T = T = 860
0 Ri c
Table 9. Superheated Steam Reservoir
Conditions for BOX
Table 10. Superheated Steam Reservoir
Production Data
mass, lb
Pi/Z i , psia
tively. The effect of a large mass influx is detectable when the two
respectively. As mentioned before, a zero least squares value is theo-
so the least squares value is not the true value. The curves in Figures
retically a perfect fit;however, BOX truncates the value to an integer,
initial parameter
21 and 22 both have least squares values of zero for the condition of
negligible mass influx and a mass influx rate of 1.0 X 109 lb/yr, respec-
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Henry J. Ramey Jr. [23] reported that the usual gas reservoir en-
gineering manner for predictions is made by extrapolating p/Z versus
cumulative production plot. Other information such as the initial con-
ditions can also be obtained from this plot. In Table 11 are his esti-
mates from the plot in comparison with the values obtained from the HGP
model. The results are in relative agreement with each other.
Table 11. Comparison of Results for a
Superheated Steam ReservoirI
I
~
I
initial parameter
P/Zi , psia
mass, lb
We = WL = 0.0
Ramey's Plot
190.0
2.15 X 1011
HGP Model
188.16259
2.3119 X 1011
I
I
I
I
I
I
I
I
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V.2. Performance Prediction
The optimum initial conditions obtained from BOX (Table 3) are read
into PRE for the predictions of future performance. A thirty-year pro-
jection was made using 60 psia as the abandonment pressure and 9600 R as
the influx temperature.
In Figure 23 is shown the perfomance prediction of a compressed
liquid reservoir with negligible mass influx at seven different produc-
tion rates. The two lower rates r~veal a small pressure drop. The
production rate of 1.0 X 1010 lb/yr has an apparent pressure drop as
mass is being produced. At a pressure of 487.16 psia, a phase change
from the compressed liquid region to the saturated liquid~steam region
occurs. The two-phase region is reached earlier in the predictions at
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the higher production rates. Figure 24 is a plot of predictions for a
compressed liquid reservoir with a mass influx rate of 1.0 X 1010 lb/yr.
The pressure increase at the lower two production rates was expected
because the mass influx is much greater than the mass produced. Since
isothermal conditions prevail, the large mass influx effects can only
result in a pressure rise. When the production and mass influx rates
are equal the pressure remains constant. The mass influx effects are
displayed graphically by a slight counterclockwise rotation of each
prediction curve. Physically, the reservoir will have a longer life
expectancy. The phase change still occurs at the same pressure,
487.16 psia.
The predictions for a saturated liquid-steam reservoir with negli-
gible mass influx are illustrated in Figure 25. Again the two lower
production rates show no decrease in reservoir pressure. At the pro-
duction rates of 1.25 X 1010 lb/yr and larger, a phase change from the
saturated liquid-steam region to the superheated steam region occurs.
This is displayed by the sudden change in slope of the prediction curve.
Once in the superheated steam region, the reservoir depletes rapidly.
The predictions for a saturated liquid-steam reservoir with a mass in-
flux rate of 1.0 X 1010 lb/yr (starting at 2.0 X 1010) are shown in
Figure 26. The increase in pressure at the two lower production rates
was anticipated. Since the heat influx is greater than the amount of
heat produced, the effect is an increase in reservoir temperature. In
the saturated liquid-steam case, pressure is a function of temperature,
therefore pressure also increases. At the 1.25 X 1010 Ib/yr production
rate, the phase change does not occur within the thirty-year prediction.
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Large mass influx affects the predictions graphically by rotating the
curves about the "year one" point. Physically, the reservoir will have
a slightly longer production life.
The final perfo1~ance prediction was done on a superheated steam
reservoir. In Figure 27 is presented the prediction curves with insig-
nificant mass influx;in Figure 28 is displayed the prediction plots
with a mass influx rate of 1.0 X 109 lb/yr. The reasons for increasing
pressures at the low production rates in the superheated steam case are
similar to those for the compressed liquid case. Large mass influx is
greater than the mass being produced, therefore the reservoir pressure
will rise (isothermal conditions exist) because of the higher heat in-
put. The effects of a large mass influx gave the reservoir a slightly
longer production life before it reached the abandonment pressure.
In general, a large mass influx rate will have a positive effect
on a geothermal reservoir performance prediction curve. The geothermal
reservoir can expect to have a longer life expectancy. The pressure
increase in the geothermal reservoir at the low production rates may be
realistic at the start of production, but in actuality would certainly
not continue throughout the reservoir's production life.
V.3. Sensitivity Analysis
The parameters examined in the sensitivity analysis are the reser-
voir properties of the saturated liquid-steam case and the mass influx
rate for all the reservoirs. The upper and lower constraints for each
initial parameter of BOX were also checked. As mentioned before, the
chances of finding the optimum initial conditions are highly dependent
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Figure 27. Performance Prediction of a Superheated Steam Reservoir
with the Mass Influx Rate = 1.0 lb/yr
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on the constraints chosen for each parameter.
In the sensitivity analysis, only the designated parameter was
varied, while the others were kept constant. The mass influx was as-
sumed to be negligible unless specified as the parameter under investi-
gation. The parameter values of BOX used were presented in Tables 4,
7, and 9. The term "confidence range" will be applied quite frequently.
This term is defined as the maximum allowable range of the upper or
lower constraint value that the user will have to obtain a good least
squares fit. Mass lost, WL, and heat influx, Qs' were ignored in this
study, because the sensitivity analysis of mass influx, We' and influx
temperature, Te , in effect include these terms in the analysis. The
tables of the sensitivity analysis data are presented in Appendix C.
V.3.1. Compressed Liquid Reservoir
-In Table 12 is presented the variations of the upper and lower
constraints of initial pressure. The upper constraint has a wide confi-
dence range of values from 775.0 psia to 1000.0 psia, however, at 875.0
psia, the least squares value deviated to 122, while the rest of the
values remained at 105. This variation can be attributed to the search
technique of BOX. Figure 29 is a contour plot of the least squares
equation as a function of initial pressure and initial mass. It is
highly possible that the search path iterated about a narrow ridge, as
at the 120 mark, or it may have found a local minimum not shown in the
plot. The lower constraint also had a wide confidence range. The
values, which had good fits, were from 710.0 psia to 750.0 psia.
In Table 13 is shown the initial mass variations. The upper con-
~ '-"', ••~_ ',_0' +<'''''''"~'''_'''--'_''~'''''"''''~'.'0'<', ~"."",•• ''''''''''~~~'=--~'''_.''.''.__''''''C,''M''__~.••••-.,,, "~",.• ,-".~ ...-,.-,-~.,,._..-~--,,_..~._' ••••' ~~~- « ••'"~, •••~~~......,,"~ ~ .-. •
COMPRESSED LIQUID RESERVOIR
Figure 29. Contour Plot of Least Squares Function
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straint has a wide confidence range from 1.0 X 1015 lb to 1.0 1017 lb.
The lower constraint has a good curve fit from 1.0 X 1012 Ib X 1014 lb.
In Table 14 is displayed the effect of mass influx on the curve
fitting. The mass influx rate of 7.0 X 1010 lb/yr was the maximum al~
lowable influx that yielded a good least squares fit. All mass influx
rates that were larger than 7.0 X 1010 lb/yr had relatively high curve
fit values (invalid curve fits). However, at 1.0 X 1010 lb/yr, the
least squares value was the lowest at 80. This rate was used in perform-
ance matching and predictions presented earlier.
V.3.2. Saturated Liquid-Steam Reservoir
The saturated liquid-steam results of changes to the upper and
lower constraints of the initial temperature are displayed in Table 15.
The confiden~e range is quite small for the upper constraint (990.0o R to
1000.00 R). The lower constraint also has a narrow confidence range from
780.0oR to 800.0o R.
In Table 16 is presented a very small confidence range on the upper
constraint of initial mass (7.49 X 1012 lb to 7.50 X 1012 lb). The
lower constraint has two isolated values which produce low curve fit
values. This low-high-Iow effect of the least squares values could best
be explained by examining contour plots of the least squares function
(Figures 30, 31, and 32). In this case, the plot is not two-dimensional,
but three-dimensional, because of the three unknown initial parameters.
The contour plots are represented at initial steam quality values of
0.0, 0.07847, and 1.0, respectively. Though the contour field is dif-
ficult to visualize, it is believed that the search technique of BOX is
~------ - --_._-_..
"fiJ.·.".·(!,
~ljO
ttl:l1lI,_
75
UI
9
,
95395~
"~
,~~"
5..
948 949 950 951
X, .INI TIAl TEMPERAT URE
947
5
Figure 30. Contour Plot of Least Squares Function with
Initial Steam Quality = 0.0
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Figure 32. Contour Plot of Least Squares Function with
Initial Steam Quality = 1.0
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responsible for the variations.
The third parameter investigated was the initial steam quality
(Table 17). Since the value is already constrained by definition (i.e.
0.0 to 1.0), only the upper constraint was examined.
One of the reservoir parameters analyzed was formation porosity
(Table 18). A porosity of 20% resulted in a good curve fit. Porosities
greater than 30% resulted in a trend of good curve fits. A least squares
value of 1 was calculated for a porosity of 40%, but the figure was not
taken seriously as 40% porosity is an unrealistic physical condition.
This analysis shows that porosity is slightly sensitive to the calcula-
tion scheme.
The other reservoir parameter in question was rock density (Table
19). The results reveal that the final outcome is not sensitive to the
reservoir rock density value. The range of values from 180 Ib/ft3 to
210 Ib/ft3 displayed good curve fits.
The optimum mass influx rate is 1.0 X 1010 lb/yr, starting at a
value of 2.0 X 1010lb (Table 20). All the mass influx rates greater
than 1.0 X 1010 lb/yr had unacceptable curve fits. The least squares
value decreased to 4 from 8, encouraging a better curve fit when a large
mass influx is present.
Since influx enthalpy appears in the energy balance, influx temper-
ature was also inspected. The least squares value showed better curve
fits with the exception at 860.0o R. The curve fit values decreased
from 8 to 1 (Table 21). It appears that the final outcome is not too
sensitive to the influx temperature chosen.
Mass influx rate was checked again with an influx temperature of
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560.0 0 R instead of 960.0o R (Table 22). As expected, a higher rate was
found to be the maximum allowable rate at 1.0 X 1011 lb/yr. Examination
of the energy balance equation (2) discloses that the product of mass
influx and influx enthalpy is of main concern. When influx temperature
is low, the mass influx rate will be greater to compensate for the lower
enthalpy value, if a good least squares fit is desired.
V.3.3. Superheated Steam Reservoir
Examination of Table 23 revealed that Pi/Zi (initial pressure,
initial compressibility factor) has a moderate confidence range for the
upper constraint (191.0 psia to 250.0 psia) and lower constraint (150.0
psia to 190.0 psia). There are low-high-Iow least squares values in
each case. The variations are once again attributed to the optimization
logic of BOX. In Figure 33 is illustrated the contour plot of the least
squares equation as a function of Pi/Zi versus initial mass. Like the
other reservoir contour plots, a narrow ridge exists at some section in
the plot. It is highly possible that the optimization scheme iterated
about a narrow ridge, stopping it from further advancement.
In Tables 24 and 25 are displayed the sensitivity analyses for ini-
tial mass and the mass influx range, respectively. The confidence range
is moderate compared to the other reservoirs studied. There is a low-
high-low effect on the least squares values. Again this is probably due
to the optimization scheme. The maximum allowable rate of mass influx
is 1.0 X 109 lb/yr. Any rate greater than this will result in a bad
curve fit.
SUPERHEATED STEAM RESERVOIR
16' , , ,
180 185 190 195
X1 , I N IT IAL (PRESSURE/COMPRESSIBILITY FACTOR)
Figure 33. Contour Plot of Least Squares Function
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VI. CONCLUSION
The HGP model results for the optimum initial parameters for the
compressed liquid case verified the results produced by the Whiting-
Ramey model. The superheated steam case was compared with Ramey's plots.
The optimum initial parameters determined by the HGP model confirmed
Ramey's estimated values. The HGP model successfully projected the per-
formance of the geothermal reservoirs at different production rates.
The optimum mass influx rate tended to have better curve fits in
performance matching and larger life expectancies for the geothermal
reservoir in performance projections than with negligible mass influx.
A comparison of the optimum initial parameters for each case revealed
that the differences are relatively insignificant, although the differ-
ences are evident in the prediction plots.
It was found that the upper constraint of the initial mass parameter
for each geothermal reservoir examined (compressed liquid, saturated
liquid-steam, and superheated steam) was the most sensitive parameter in
the performance matching with BOX. The magnitude of the initial mass
value (109-1011 ) in comparison with values of the other initial para-
meters (1-102) may be the contributing factor to its relative sensiti-
vity in the optimization scheme. The upper constraint values of initial
pressure, initial temperature, and initial (pressure/compressibility
factor) are secondary in comparison with initial mass values, although
selection of these values must be reasonable. The initial steam quality
is, as mentioned before, constrained by definition. The starting points,
in BOX, of the unknown initial parameters should be feasible.
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In the case of the two-phase reservoir, rock density and influx
temperature did not appear to be sensitive parameters, while formation
porosity did show signs of sensitivity. The basic equations reveal that
rock density and influx temperature do not play an active role in the
calculation scheme, whereas formation porosity does. This active role
may contribute to its relative sensitivity in the performance matching.
VI.I. Recommendations
It is recommended as a further study, since the sensitivity analysis
is essentially boundless, that other variations may be examined to obtain
each parameter's true sensitivity. Also, the effects of higher solids
concentration (>3%) and non-condensable gases on the thermodynamic prop-
erties of water and steam should be investigated. This work may have to
be done much later because of the limited information presently available
in their respective fields.
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Energy balance equation (2) reduces to (23) when Q =0.0 and
isothermal conditions are assumed s
WH =WH -WH +WH -WlL
c c i i P pee L-L
By substituting the mass balance equation (1) into (23) and
rearranging
H = (W H - W H + W H - WH_)/(W - W - W + W )
c i i P pee L--L i P L e
Enthalpy equation (4) rearranges to
x = (H - Hf)/(H - Hf )c c g
Volumetric balance equation (3) also is rearranged to
x = (V~ - VfW )/(W (V - Vf»
c c c g
Equating equations (25) and (26) to
(He - Hf)/(Hg - Hf ) = (V~ - VfWc)/(Wc(Vg - Vf»
or
Wc(HC - Hf ) = (Hg - Hf)(V~ - VfWc)/(Vg - Vf»
Substituting mass balance equation (1) and (24) into (28) gives
«(WiHi - WpHp + WeHe - WLHL)/Wc) - Hf)(Wi - Wp + We -
WL) = (Hg - Hf)(V~ - Vf(Wi - Wp + We - WL»/
(Vg -Vf)
There is a relationship between Wi and V
Wi = V~«Swi/Vfi) + «1 - Swi)/Vgi»
where Swi = initial hot water saturation
Vfi = initial specific volume of saturated
liquid, ft 3/lb
Vgi = initial specific volume of saturated
vapor, ft3/lb
Since Swi = 1, equation (30) reduces to
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(24)
(25)
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(27)
(28)
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~
It.. ,I
II[I
I
I
I
I
I
~
I
I
I
I
I
I
I
I
I
I
Wi = VCP/Vfi
or
vcp = WiVfi
Substituting (32) into (29) gives
(WiRi - WpRp + WeRe - WLRL) - (WiRf - WpRf + WeRf -
WLRf ) = (Rg - Hf)(WiVfi - (WiVf -WpVf + WeVf -
WLVf»/(Vg - Vf)
Assuming Rp = Hi = Re = ~ = Hf , equation (33) reduces to
o = (Rg - Hf)(WiVfi - (WiVf - WpVf + WeVf - WLVf »/
(Vg - Vf)
Dividing by (Hg - Hf)/(Vg - Vf) and substituting VL for Vf
and VLi for Vfi gives
WpVL = Wi(VL - VLi) - WLVL + WeVL
Equation (35) is rearranged finally to equation (14)
* The preceding calculations was adapted from a report
by Ramey [34]
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Figure 34. Density Differences as a Function of Density [26]
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